Introduction {#S1}
============

Tyrosine kinases play critical roles in metazoan signal transduction pathways, where they facilitate the conversion of external and internal stimuli into cellular responses that include cell proliferation, adhesion, motility, and the regulation of metabolism ([@R174]; [@R52]; [@R82]). Tyrosine kinases can be divided into two major classes: (1) receptor tyrosine kinases, which have extra-cellular ligand-binding domains, a single-pass trans-membrane domain, and an intracellular kinase domain, and (2) cytoplasmic tyrosine kinases, also referred to as nonreceptor tyrosine kinases, which are multidomain proteins that are often tethered to the inner leaflet of the plasma membrane by lipid anchors. There are \~60 transmembrane receptors and \~30 cytoplasmic tyrosine kinases in humans, and these kinases have \~25 different domain architectures ([@R93]).

Receptor tyrosine kinases are activated by the binding of cognate ligands to their extracellular domains. Ligand binding results in receptor dimerization/oligomerization, or a change in a preexisting oligomeric structure. These structural changes mediate activation of the intracellular kinase domain through a variety of mechanisms, including *trans*-autophosphorylation of kinase domains or the formation of allosterically activated kinase domain dimers ([@R82]). Individual receptor tyrosine kinases are often activated by several different ligands and are thus able to integrate information from a variety of extracellular stimuli into a conserved set of downstream signaling pathways ([Figure 1(A)](#F1){ref-type="fig"}).

Receptor tyrosine kinases typically sit at the apex of signaling pathways and respond to specific biological cues. Cytoplasmic tyrosine kinases reside within the cores of these pathways and serve to amplify and propagate signals ([@R174]; [@R170]; [@R107]; [@R184]). All cytoplasmic tyrosine kinases contain one or more ligand-binding domains, which allow them to integrate information from different inputs ([Figure 1(B,C)](#F1){ref-type="fig"}). This multifunctionality is mediated by allosteric coupling between the activities of their ligand-binding domains and the catalytic domain ([Figure 1(B)](#F1){ref-type="fig"}). Despite their structural diversity, cytoplasmic tyrosine kinases share the feature that they can adopt an auto-inhibited state, where intramolecular interactions with noncatalytic domains stabilize an inactive conformation of the kinase domain ([@R63]). The activation of cytoplasmic tyrosine kinases is mediated, in part, by engagement of these ligand-binding domains and the destabilization of the auto-inhibitory interactions to provide access to a catalytically competent state of the kinase domain. The discovery and characterization of the ligand-binding domains of cytoplasmic tyrosine kinases has been critical to our understanding of how metazoan signal transduction pathways are organized, and to our understanding of the structure and regulation of tyrosine kinases ([@R125]).

Tyrosine kinases were first discovered by virtue of the catalytic activities of the proteins encoded by certain viral oncogenes, including the first oncogene to be identified, v-Src, which we now know is the viral variant of the cytoplasmic tyrosine kinase c-Src ([@R53]; [@R190]; [@R96]).^[1](#FN5){ref-type="fn"}^ An intensive investigation of the mechanism of regulation of Src and its relatives followed, leading to the identification of the Src-homology 2 (SH2) domain, which binds phosphotyrosine-containing peptide segments ([@R139]), and the Src-homology 3 (SH3) domain, which binds polyproline motifs ([@R97]). These discoveries introduced the concept that signal-triggered change in the localization of proteins, governed by modular binding domains, is the most important consequence of the activation of tyrosine kinase pathways ([@R148]). This contrasts with the then-prevailing view of second-messenger signaling, where diffusible signaling molecules spread through the cell to transmit information. Signal-triggered protein--protein interactions, mediated by SH2, SH3, and other ligand-binding domains, such as phosphotyrosine-binding (PTB) and WW domains, are now understood to underlie all aspects of metazoan signal transduction.

Half of the human cytoplasmic tyrosine kinases have the same core domain architecture, comprised of an SH3 domain, an SH2 domain, and a kinase domain, connected in that order. We refer to this conserved domain architecture as the "Src module" ([Figure 1(C)](#F1){ref-type="fig"}). The Src module has been elaborated on numerous times over the course of evolution, through the addition of other modular binding domains, the incorporation of regulatory post-translational modification sites, and subtle alterations in conformational preferences. The result of this evolutionary tinkering on the same modular scaffold is the generation of distinct cytoplasmic tyrosine kinases that are controlled by different inputs and which participate in a wide range of signal transduction pathways.

Over the past three decades, substantial progress has been made in understanding the molecular basis for the regulation and activity of tyrosine kinases containing the Src module. Early progress was made through biochemical experiments and studies on oncogenic viruses containing mutant cytoplasmic tyrosine kinase alleles \[see ([@R96]) for a historical perspective\]. Subsequent studies focused on characterizing the structure and sequence-specific ligand recognition of SH2 domains ([@R17]; [@R121]; [@R181], [@R183]; [@R31]; [@R162], [@R163]) and SH3 domains ([@R109]; [@R203], [@R202]; [@R32]; [@R88]). These investigations established the role of ligand-binding domains and modular protein--protein interactions in cellular signal transduction ([@R73]; [@R125]). The determination of high-resolution crystal structures of the Src-family kinases c-Src and Hck in their auto-inhibited states revealed how the SH2 and SH3 domains stabilize the kinase domain in an inactive form ([@R157]; [@R188]; [@R199], [@R198]; [@R144]).

More recently, the determination of an increasing number of structures of cytoplasmic tyrosine kinases, coupled with biochemical, computational, and evolutionary analyses, have demonstrated how the Src module has been used in nature as a robust scaffold for the emergence of a variety of biologically important signaling switches. The principles gleaned from these studies have informed our understanding of the activity and regulation of all protein kinases, not just those bearing the Src module ([@R54]; [@R16]; [@R50]; [@R70]). These investigations have also revealed how the intrinsic conformational plasticity of kinases, which is essential for their function as signaling switches, can be a molecular weakness that is exploited by opportunistic diseases like cancers. Importantly, analysis of conformational plasticity in protein kinases has improved our understanding of drug binding and mechanisms of drug resistance ([@R113]). For example, structural analysis of the cytoplasmic tyrosine kinase Abl, bound to various small molecules including the cancer drug imatinib (Gleevec), have revealed how kinase inhibitors can synergize with the actions of regulatory domains of the Src module ([@R143]; [@R110]; [@R59]; [@R140]). This finding has guided strategies to design selective kinase inhibitors ([@R186]), underscoring the broader importance of mechanistic studies of kinase regulation.

In this review, we describe the structural and biochemical elaborations on the Src module that have led to the functionally diverse cytoplasmic tyrosine kinases found in metazoans. We first survey the many mechanisms of regulation of kinases containing the Src module, highlighting recent structural, computational, and biochemical studies. We then describe a growing body of work that aims to understand the evolution of regulation in the Src module and examine how these investigations have influenced our view of human cytoplasmic tyrosine kinases. Finally, we discuss the impact that these basic mechanistic studies have had on our understanding of diseases driven by the dysregulation of protein kinases and on the development of efficacious targeted therapies to treat those diseases.

Conserved structural and regulatory features in the Src module {#S2}
==============================================================

The nexus of regulatory control in all kinases is the kinase domain, which is biased toward states of greater or lesser activity by the actions of regulatory mechanisms. The fully active conformation of tyrosine kinases was first captured by a structure of the isolated kinase domain of the insulin receptor, phosphorylated on its activation loop (PDB code 1IR3)^[2](#FN6){ref-type="fn"}^ ([@R49]). A general schematic of the active form of a tyrosine kinase domain, highlighting key structural elements, is shown in [Figure 1(D)](#F1){ref-type="fig"}. In the insulin receptor structure, and in analogous structures of other active tyrosine kinases, ATP is bound in a productive conformation. A Mg^2+^ ion that coordinates the phosphate groups of ATP is, in turn, coordinated by the sidechain of the aspartate residue (Asp 404 in c-Src)^[3](#FN7){ref-type="fn"}^ found in the conserved Asp-Phe-Gly (DFG) motif at the base of the activation loop ([Figure 2(A,D)](#F2){ref-type="fig"}). This conformation of the DFG motif, where the aspartate sidechain is pointed toward the ATP-binding pocket and the phenylalanine sidechain is pointed away, is referred to as the "DFG-in" state. In the active conformation of tyrosine kinases, helix αC, a key regulatory element in the N-lobe of the kinase domain, is rotated inwards with respect to its conformation in the inactive states of the kinase. The sidechain of Glu 310, presented by the helix αC, forms an ion pair with the sidechain of Lys 295, which in turn positions the phosphate groups of ATP appropriately for catalysis.

The active conformations of all kinases resemble each other, as demanded by the dictates of catalysis, but the inactive conformations can be structurally divergent because they are released from those constraints ([@R54]). As more structures of tyrosine kinases were determined, it became clear that inactive kinases, including those with the Src module, commonly adopt a small set of distinct conformations. In one such conformation, helix αC is rotated away from the N-lobe such that Glu 310 makes an alternative ion pair relative to the active state, and the activation loop is folded into the mouth of the kinase domain, blocking peptide substrate access ([Figure 2(B,E)](#F2){ref-type="fig"}, PDB codes 2SRC and 1QCF). This conformation is referred to as the "Cdk/Src inactive conformation" because it was first observed in cyclin-dependent kinases and in Src-family kinases ([@R27]; [@R157]; [@R199]).

In another important set of inactive conformations, the DFG motif is flipped with respect to its orientation in active kinases, such that the aspartate sidechain (Asp 404) points away from the ATP-binding site ([Figure 2(F)](#F2){ref-type="fig"}, PDB codes 1M52 and 1OPL) ([@R110]). The "DFG-out" conformation is sometimes accompanied by a refolding of the activation loop so that the segment bearing the key regulatory tyrosine docks on the rest of the activation loop in a substrate-mimicking auto-inhibitory conformation (PDB codes 1FPU and 1IEP). Computational analysis suggests that the various inactive conformations are intermediates in a cycle connecting the active DFG-in conformation to the inactive DFG-out conformation ([@R83]; [@R155]; [@R156]). Particular interest in this conformational transition arises from the fact that kinase inhibitors often bind selectively to particular conformations in this cycle. The cancer drug, imatinib, for example, requires the DFG-out conformation for high affinity binding to the Abl kinase domain ([@R149]; [@R90]; [@R2]). All of the structural and regulatory mechanisms that we focus on below can be understood as acting on the kinase domain, to either stabilize one or the other of the common inactive kinase conformations, or to destabilize them and stabilize the active conformation instead.

The assembled, auto-inhibited state of Src-module-containing tyrosine kinases {#S3}
-----------------------------------------------------------------------------

The Src, Frk, Abl, Tec, and Csk families of cytoplasmic tyrosine kinases all contain the same core domain architecture, consisting of an SH3, SH2, and kinase domain, readily identified by comparison of their sequences ([Figure 1(C)](#F1){ref-type="fig"}). The linkers connecting these globular domains, however, are different across the families. Despite the divergence in linker sequences, crystallographic studies of members from each family revealed that these proteins, except for the Csk-family kinases discussed later ([@R116]), can adopt roughly the same assembled and inactive structure ([Figure 2(C)](#F2){ref-type="fig"}) ([@R157]; [@R188]; [@R199], [@R198]; [@R144]; [@R112]; [@R185]). This assembled state has two important features: (1) a compact configuration of the SH3-SH2-kinase module, in which the SH2-kinase linker provides an internal docking site for the SH3 domain, and (2) an inactive conformation of the activation loop in the kinase domain, with an unphosphorylated regulatory tyro-sine. These structural features serve to suppress the activity of the kinase domain by stabilizing it in a catalytically incompetent conformation. The conservation of this auto-inhibited structure and regulatory mechanism across the Src-, Frk-, Abl-, and Tec kinases is the defining characteristic of the Src module.

The auto-inhibited conformation of the Src module was first revealed in structures of the Src-family kinases c-Src and Hck ([Figure 2(C)](#F2){ref-type="fig"}, PDB codes 2SRC and 1QCF) ([@R157]; [@R199]). At the core of this structure is the SH2-kinase linker, which adopts a polyproline type II helix and is coordinated on one face by the canonical ligand-binding pocket of the SH3 domain. The other face of this linker is pressed up against the N-lobe of the kinase domain, holding the kinase in an inactive conformation. Indeed, displacement of the SH3 domain by an external ligand can activate Src-family kinases potently ([Figure 1(B)](#F1){ref-type="fig"}) ([@R106]). The assembled configuration is further stabilized by contacts between the SH2 domain and the C-lobe of the kinase domain, although the extent of this interaction varies across kinase families. Interaction of the SH2-kinase linker with the noncatalytic face of the kinase domain reduces kinase activity by allosterically perturbing the geometry of the active site ([Figure 2(D--F)](#F2){ref-type="fig"}). This assembled structure is further stabilized by features that are unique to each kinase family, such as a phosphorylated tail that binds the SH2 domain, observed in the structures of Src-family kinases ([Figure 2(C)](#F2){ref-type="fig"}) ([@R157]; [@R188]; [@R199]). Despite general conservation of the auto-inhibitory conformation of Src-module-containing kinases, the structural details underlying allosteric control of the active site differ between each subfamily of kinases, as discussed in later sections.

The active conformation of Src-module-containing tyrosine kinases {#S4}
-----------------------------------------------------------------

Activation of the Src module is achieved by two principal mechanisms: (1) activation loop phosphorylation on Tyr 416, which stabilizes a catalytically competent active site geometry ([Figure 2(D)](#F2){ref-type="fig"}) and (2) displacement of the SH3 and SH2 domain to relieve constraints on helix αC ([@R106]). Since activation loop phosphorylation occurs in trans, this creates a molecular switch that is responsive to the enzymatic activity of another kinase molecule, thus allowing for signal relay or amplification. Activation by displacement of the SH2 and SH3 domains allows for switching of enzymatic activity in response to protein--protein interactions ([Figure 1(B)](#F1){ref-type="fig"}).

Activation loop phosphorylation occurs on a conserved tyrosine found in all cytoplasmic tyrosine kinases (Tyr 416 in c-Src, [Figure 1(C)](#F1){ref-type="fig"}), except Csk and its paralog Ctk. The effect of phosphorylation on this residue is analogous to the effect of phosphorylating a corresponding serine or threonine residue in Ser/Thr kinases ([@R27]; [@R205]; [@R58]; [@R200]; [@R49]), reviewed in ([@R54]; [@R114]). In all cases, phosphorylation of a residue on the highly flexible activation loop results in the formation of one or more salt bridges. These salt bridges anchor the activation loop in a conformation that promotes substrate docking and aligns key residues involved in the coordination of ATP-Mg^2+^, most notably the Asp residue in the conserved DFG motif ([Figure 2(D)](#F2){ref-type="fig"}) ([@R122]; [@R8]; [@R155]). This activating modification often requires *trans*-autophosphorylation, where one active molecule of a tyrosine kinase phosphorylates the activation loop of another inactive molecule of the same kinase, thereby generating a positive feedback loop that may aid in signal amplification ([@R119]; [@R130]; [@R193]; [@R207]; [@R197]; [@R153]).

Src-family kinases robustly carry out *trans*-autophosphorylation of their activation loops in a manner that only requires their kinase domains ([@R153]). Some tyrosine kinase domains, such as that of c-Abl and the Tec family members Btk and Itk, have intrinsically inefficient autophosphorylation capabilities ([@R48]; [@R61]; [@R76]; [@R185]). In these cases, activation loop phosphorylation is enhanced by allosteric interdomain contacts, mediated by colocalization of two kinase molecules, or carried out through *trans*-phosphorylation by other kinases. These differences in *trans*-autophosphorylation capabilities suggest a specific structural mechanism for efficient activation loop phosphorylation. Recently, through analysis of crystallographic dimers of kinase domains in the Protein Data Bank, plausible structural models that explain the fast activation loop phosphorylation rates of Src-family kinases have been described ([@R197]; [@R153]) ([Figure 2(G)](#F2){ref-type="fig"}).

Displacement of the SH2 and SH3 domains can be achieved by the competitive binding of ligands to these domains ([Figure 1(B)](#F1){ref-type="fig"}). This mechanism not only facilitates activation of the kinase, but it also couples kinase activity to subcellular localization and/or colocalization with signaling partners, providing an extra layer of control over signal transduction pathways. The ability of the Src module to be activated in this way requires that the auto-inhibitory conformation is sufficiently stable to inactivate the kinase in the absence of stimulatory signals, but dynamic enough to provide access to ligands that competitively bind in *trans*. Consistent with this notion, increasing the flexibility of the SH3-SH2 linkers of both c-Src and c-Abl via glycine mutations has been shown to increase the activities of these kinases ([@R201]; [@R44]).

Structural features that impact activation of the Src module {#S5}
------------------------------------------------------------

The transition from an inactive to active state is also controlled by the intrinsic dynamics and stability of the kinase domain. To understand how different protein kinases might vary in this respect while still relying on a conserved set of structural features, a bioinformatic technique known as "Local Spatial Patterns Alignment" was used to identify conserved patterns formed by residues of kinases in three-dimensional space, independent of protein sequence or backbone geometry ([@R69], [@R71]). This led to the discovery of two "spines," denoted the R- and C-spines, that lie at the core of all protein kinase domains ([Figure 2(A,B)](#F2){ref-type="fig"}).

The regulatory "R-spine" consists of four hydrophobic residues that connect the two lobes of the kinase domain and are anchored by a hydrogen bond and hydrophobic contacts to helix αF, a core structural element of the C-terminal lobe of the kinase domain ([Figure 1(D)](#F1){ref-type="fig"}). Importantly, the R-spine contains the phenylalanine residue (Phe 405) in the highly conserved DFG motif at the base of the activation loop, a hydro-phobic residue (Met 314) on helix αC, and a highly conserved histidine residue (His 384) on the catalytic loop ([Figure 2(A)](#F2){ref-type="fig"}). The catalytic "C-spine" consists of a larger column of hydrophobic residues that span both lobes and are also anchored to the helix αF through hydro-phobic interactions. Notably, the C-spine is completed by the adenine ring of ATP or ADP. The identities of the specific residues on or near the R- and C-spines are critical for the stability and activity of the kinase domain ([@R100]; [@R101]). This is particularly apparent when considering that the R-spine is disassembled in the inactive states of most kinases ([Figure 2(B)](#F2){ref-type="fig"}) ([@R69]). This has implications for our understanding of oncogenic and drug resistance mutations in many tyrosine kinases, which occasionally lie within or contact the spines ([@R7]).

Another important set of hydrophobic contacts in the Src module is illustrated by a recent study that examined the connection between nucleotide affinity and the transition from the inactive to active states of c-Src and the Tec-family kinase, Itk ([@R180]). This study revealed that the auto-inhibited forms of c-Src and Itk bind ADP more than one order of magnitude tighter than ATP. Disassembly of the auto-inhibited state increases the affinity for ATP, making it comparable to that for ADP. This allosteric coupling between nucleotide binding and formation of the assembled Src module structure was shown to be controlled by the formation of a hydrophobic stack of residues from the N-lobe of the kinase domain (Trp 286 and Tyr 326) and the SH2-kinase linker (Leu 255 and Trp 260). Mutation of this hydrophobic stack, which is distinct from the R- and C-spines, facilitates disassembly of the auto-inhibited conformation and allows for inward rotation of helix αC, similar to what happens with SH3 domain displacement, and this disassembly increases ATP binding affinity. This allosteric affinity switch was shown to regulate nucleotide exchange in both c-Src and Itk, thereby controlling autophosphorylation and activation ([@R180]). This critical hydrophobic stack is conserved across the Src-, Abl-, and Tec-family kinases.

Individual kinases containing the Src module also have unique structural features that differentiate their inactive states or provide distinct means of regulation in response to incoming signals. Some of these divergent features are subtle. For example, sequence heterogeneity across SH2-kinase linkers in Src-family kinases has been shown to correlate with the degree of allosteric coupling of the SH3 and SH2 domains to the ATP binding site ([@R136]). Across the Src, Abl, and Tec families, kinase function and regulation has diversified in more dramatic ways. Each of these families bears a unique set of regulatory tails, ligand-binding domains, or post-translational modifications, in addition to divergent conformational landscapes of their inactive states. These differences, which enable the diverse signaling capabilities encoded within each protein family, are discussed in the next section.

Unique features of each Src-module-containing family {#S6}
====================================================

Src-family kinases {#S7}
------------------

The eight Src-family kinases in humans (c-Src, Yes, Fyn, Fgr, Hck, Lck, Lyn, and Blk)^[4](#FN8){ref-type="fn"}^ are defined by three regulatory features that distinguish them from other kinases with Src modules: (1) a C-terminal tail bearing a tyrosine residue (Tyr 527 in c-Src) that can be phosphorylated to negatively regulate kinase activity, (2) an N-terminal myristoylation site, along with a palmitoylation site in most family members, that impacts subcellular localization, and (3) a unique region that varies in sequence and function between each family member ([Figure 1(C)](#F1){ref-type="fig"}). Although not discussed here, two Src-related kinases, Frk and Brk, contain Src modules and are negatively regulated by tail phosphorylation, but they lack the canonical N-terminal lipidation motifs ([@R134]).

Regulation of Src-family kinases by tail phosphorylation {#S8}
--------------------------------------------------------

The principle mode of regulation in Src-family kinases is the interplay between two tyrosine phosphorylation sites: the conserved positive regulatory phosphorylation site in the activation loop and a negative regulatory site on a short tail at the C-terminus of the kinase domain, which is unique to Src-family kinases. High-resolution structures of the Src-family kinases c-Src and Hck, with their tails phosphorylated on Tyr 527 but activation loops unphosphorylated on Tyr 416, have revealed the mechanism of negative regulation by tail phosphorylation (PDB codes 2SRC and 1QCF). In these structures, the Src modules of both kinases adopt the assembled state described above, and this conformation is stabilized by the docking of the tyrosine-phosphorylated tail on the SH2 domain ([Figure 2(C)](#F2){ref-type="fig"}) ([@R157]; [@R188]; [@R199], [@R198]; [@R144]).

The tail sequences of Src-family kinases are not optimized for SH2 binding. For example, mutation of the Hck tail sequence from pYQQP to pYEEIP, an optimal motif for binding to the Hck SH2 domain ([@R162]), results in a kinase that cannot be readily activated by an SH2 ligand in *trans* ([@R133]; [@R144]). Thus, the wild-type tail sequences provide a sufficiently strong interaction to stabilize the inactive state, but not so strong that auto-inhibition cannot be relieved when a competitive SH2- or SH3-binding ligand is present. Although this SH2-tail interaction is a defining feature of Src-family kinases, it is likely a more recent innovation than the interaction between the SH2-kinase linker and the SH3 domain, as that interaction is conserved in all Src modules (except Csk).

The C-terminal tails of Src-family kinases are phosphorylated by the specialized C-terminal Src kinase, Csk, and its paralog Ctk ([@R117]; [@R118]). Csk is a poor kinase against peptide substrates. Csk is highly selective for Src-family tails, and efficient phosphorylation by Csk requires that Src-family tails be presented for phosphorylation by the substrate-kinase domain ([@R160]; [@R79], [@R78]). In contrast to other tyrosine kinase domains, which phosphorylate many proteins promiscuously when overexpressed, over-expression Csk does not dramatically change overall phosphotyrosine levels in cells ([@R13]).

Crystal structures of Csk bound to the c-Src kinase domain revealed the mechanism of tail phosphorylation and the strict specificity of Csk for the tails of Src-family kinases (PDB code 3D7T) ([@R84]). In the co-crystal structures, the Csk and c-Src kinase domains interact through specific electrostatic interactions between their C-lobes, precisely positioning the c-Src tail in proximity to the Csk active site, as anticipated partly by mutagenesis studies ([Figure 3(A)](#F3){ref-type="fig"}) ([@R78]). The activation loop of Csk is unusually short and cannot efficiently dock peptide substrates as other protein kinases do, thereby explaining the inefficient peptide phosphorylation by this kinase ([@R89]; [@R84]). Rather, specific recognition of the C-lobe of the c-Src kinase domain provides a high degree of substrate specificity and allows Csk to overcome its deficiencies as a tyrosine kinase that cannot anchor polypeptides on its activation loop.

The mechanisms underlying activation by tail dephosphorylation are less well understood. Two recent studies of Lck, the primary Src-family kinase in T cells, and the phosphatase CD45, which is implicated in Lck tail dephosphorylation, have shed some light on this process. In one investigation, Lck activity was measured in the presence and absence of CD45, on liposomes, thereby mimicking the native membrane-tethered state of these proteins. These measurements demonstrated that Lck activity is enhanced 10-fold by CD45-mediated dephosphorylation of the Lck tail, and that tail dephosphorylation by CD45 is required for efficient *trans*-autophosphorylation of the activation loop ([@R51]). The second study showed that dephosphorylation of the Lck tail by CD45 is facilitated by interactions between CD45 and the Lck SH2 domain ([@R23]). Phosphorylation of a conserved tyrosine residue on the SH2 domain surface (Tyr 192 and Tyr 213 in Lck and c-Src, respectively) decreases the efficiency of dephosphorylation of the Lck tail by CD45 ([@R23]). The phosphorylation of Tyr 192 has also been implicated in weakening the binding affinity of the Lck SH2 domain for phosphotyrosine-containing peptides ([@R24]). Phosphorylation of Tyr 192 on Lck is part of a negative feedback loop controlling Lck activity via CD45 ([@R37]; [@R23]), but the structural details of the CD45-Lck complex are still lacking.

N-terminal regulatory domains in Src-family kinases {#S9}
---------------------------------------------------

The N-terminal segments of all Src-family kinases contain a myristoylation site, and all but c-Src also contain a palmitoylation site. These lipids, along with positively charged residues in the N-terminal segment, anchor the kinases to the plasma membrane, and control subcellular trafficking ([@R137]). These lipidation sites are followed by a unique region in all Src-family kinases. High-resolution structural details of most Src-family unique regions are lacking, aside from that of Lck, which specifically binds to the CD4 and CD8 immune co-receptors through the formation of a zinc clasp (PDB codes 1Q68 and 1Q69) ([@R66]). Recently, a co-evolutionary analysis of Src-family unique domains, coupled with NMR data, revealed that although the sequences of individual unique regions vary, allowing for family-member-specific interactions, they all contain conserved aromatic motifs that drive the collapse of this partially disordered domain ([@R5]). This collapsed unique region structure can interact with SH3 domain of the Src-module and may regulate its activity.

The conformational and energetic landscapes of Src-family kinases {#S10}
-----------------------------------------------------------------

The Src-family kinases are regulated by phosphorylation on two sites (Tyr 416 and Tyr 527) with opposing effects on activity. Phosphorylation of Tyr 416 in the activation loop increases activity, whereas phosphorylation of Tyr 527 in the tail decreases activity. The basis for these opposing effects has been studied by molecular dynamics simulations, and this work has been reviewed in detail recently ([@R102]). Briefly, one investigation revealed an optimal pathway for the conversion of the isolated c-Src kinase domain from its inactive to active states, which entails first the opening of the activation loop, followed by rotation of helix αC ([@R35]). Further simulations, starting from several intermediate states along this pathway and facilitated by massively distributed computing, allowed for the construction of a free energy landscape for this activation transition ([@R156]). These analyses and additional studies suggest that the unphosphorylated c-Src kinase domain can transiently adopt the active state, and that phosphorylation of the activation loop effectively locks the kinase in the active state ([@R103]).

Similar analyses have also been carried out on the Src module of c-Src, both in an assembled inactive state with a phosphorylated C-terminal tail, and in a tail-unphosphorylated open state ([@R104]). Along with simulations of the isolated kinase domain of c-Src, these simulations show that the interdomain contacts in the assembled and inactive state of the Src module impose a significant thermodynamic penalty for the kinase domain to access its active conformation. A separate study, which also conducted simulations of the Src module of c-Src, led to the discovery of an allosteric network of residues spanning 40 Å across the kinase domain ([@R34]). This network includes the substrate binding site, contacts the regulatory SH2-kinase linker, and is perturbed dynamically by protonation of the DFG aspartate residue, an event that is thought to be coupled to the catalytic cycle of the kinase ([@R155]). Notably, the observed allosteric network mediates negative co-operativity between ATP binding and substrate docking, and may explain why some mutations that confer resistance to ATP-competitive inhibitors weaken ATP binding but enhance kinase activity ([@R34]). There is a growing body of computational work on Src-module-containing kinases aimed at revealing the thermodynamic and structural details underlying kinase activation ([@R102]). These investigations not only provide basic mechanistic insights into individual tyrosine kinases but they also provide a framework to understand how closely related kinases may differ, as in the case of Src- and Abl-family kinases.

Abl-family kinases {#S11}
------------------

The Abl family of cytoplasmic tyrosine kinases consists of two members, Abl1, which is more commonly referred to as c-Abl, and Abl2, which is also known as Arg ([@R184]). The N-terminal segments of Abl-family kinases not only vary between both family members, but also between isoforms of each individual family member, as a result of alternative promoters and variable mRNA splicing patterns. Immediately after this variable N-terminal "cap" is the canonical Src module, followed by a long sequence containing DNA- and actin-binding elements, as well as nuclear localization signals ([Figure 1(C)](#F1){ref-type="fig"}). Here, we will focus our discussion of Abl-family kinases on the structural features of the N-terminal cap and Src module. The structure of the actin-binding element has been determined separately (PDB code 1ZZP) ([@R45]).

Regulation of c-Abl isoform 1b by a myristoyl/phosphotyrosine switch {#S12}
--------------------------------------------------------------------

Unlike Src-family kinases, which are inhibited by phosphorylation of the C-terminal tail, the most ubiquitous isoform of c-Abl, isoform 1b, is regulated by a unique myristoyl/phosphotyrosine switch ([@R44]; [@R112]). The N-terminal cap region, which contains a canonical myristoylation site, is required for auto-inhibition but has little effect on sub-cellular localization, unlike the equivalent modification in Src-family kinases ([@R44]). The mechanism by which the N-terminal myristoyl group suppresses c-Abl activity was discovered through crystallographic analysis of the inactive kinase (PDB code 1OPL) ([@R112]). These structures revealed that the N-terminal myristoyl group directly binds the C-lobe of the kinase domain in a hydrophobic pocket that is unique to c-Abl and does not appear to be present in Src-family kinases ([Figure 3(B)](#F3){ref-type="fig"}). Binding of the myristoyl group causes a sharp bend in a C-terminal α helix in the kinase domain, allowing the SH2 domain to dock on the C-lobe of the kinase domain. The resulting binding surface of the SH2-kinase interaction is approximately twice as large as that of the analogous surfaces in Src-family kinases, and this interdomain interaction partially occludes the SH2-peptide binding cleft. Notably, this mechanism of Abl auto-inhibition by lipid binding to the kinase domain has been exploited for the development of a new class of inhibitors that modulate kinase activity allosterically by binding to the myristoyl-binding pocket, discussed later ([@R1]; [@R195]).

In addition to the myristoyl-binding pocket and increased SH2-kinase interaction, the assembled inactive state of the Src module in c-Abl also differs subtly from that of Src-family kinases at the SH3 interface with the SH2-kinase linker. In c-Abl, the SH3 recognition sequence in this linker contains a PxxY motif, as opposed to PxxP in Hck or PxxQ in c-Src. This unique tyrosine residue, Tyr 245 in c-Abl isoform 1b (Gln 253 in c-Src), is critical for auto-inhibition. In the auto-inhibited state, Tyr 245 is sequestered within a hydrophobic pocket on the kinase domain and stabilizes its inactive state ([@R112]). Phosphorylation of this residue leads to activation ([@R21]), as does activation loop phosphorylation and destabilization of the myristoyl-kinase domain interaction by displacing the SH2 domain with phosphotyrosine-containing ligands ([@R44]).

Additional residues in the N-terminal cap of c-Abl, beyond the myristoylation site, are also important for the auto-inhibition of kinase activity. Crystal structures and small angle X-ray scattering data showed that a phosphorylated serine residue, Ser 69, in the cap region interacts with and helps rigidify the SH3-SH2 clamp in the auto-inhibited structure ([@R111]). Biochemical studies on a construct of c-Abl lacking the first 45 residues, consistent with the naturally occurring isoform 1a, show that peptides derived from the natural c-Abl inhibitor Abi1 can allosterically inhibit c-Abl kinase activity by engaging its SH3 and SH2 domains ([@R196]). This observation points to alternative mechanisms of c-Abl regulation in the absence of myristoylation.

Alternative conformations of the Src module in c-Abl {#S13}
----------------------------------------------------

A recent NMR analysis of segments of c-Abl bearing all of the N-terminal regulatory domains indicates that these domains can adopt at least two distinct configurations in solution ([@R140]). One configuration is consistent with the assembled state of the Src module, where the SH3 domain binds to the polyproline type II helix on the SH2-kinase linker. In the second stable structure, a PxxP motif in the N-terminal cap displaces the SH2-kinase linker and binds to the canonical ligand-binding pocket on the SH3 domain, indicating a novel activating role for the N-terminal cap in c-Abl.

An extended structure has also been observed in crystals of the c-Abl Src module and the isolated SH2-kinase construct, where the SH2 domain interacts directly with the N-lobe of the kinase domain ([Figure 3(B)](#F3){ref-type="fig"}, PDB codes 1OPL, chain B, and 4XEY, chain B) ([@R112]; [@R91]). This structure, which likely represents an active form of the kinase, is similar in general terms to the active form of the cytoplasmic tyrosine kinase Fes ([@R111]; [@R33]). For both c-Abl and Fes, this interdomain interaction is enhanced by engagement of the SH2 domain with a phosphotyrosine-containing ligand peptide, which stabilizes loops on the SH2 domain required for kinase domain binding. In the presence of a phosphopeptide ligand, SH2 domain docking on the kinase domain locks the helix αC in an active state. Interestingly, the Fes crystal structure where this SH2-kinase interaction is observed, the kinase has a well-ordered activation loop in the active conformation, despite being unphosphorylated (PDB code 3BKB), suggesting that the SH2-kinase interaction is a major determinant of kinase activity.

As for Fes and c-Abl, a structure of full length Csk revealed that the SH2 domain also docks onto the N-lobe of the kinase domain (PDB code 1K9A) ([@R116]). In this case, binding of an effector protein, Csk-binding protein, to the SH2 domain promotes the formation of this interface ([@R116]; [@R191]). The precise nature of the SH2 and kinase domain interactions are not conserved between Fes, c-Abl, and Csk, and it is not clear at present if the Src-family kinases are activated by a similar interaction between the SH2 domain and the kinase domain. A crystal structure of the Src module of c-Src with an unphosphorylated tail showed that the SH3 domain and the SH2-kinase linker can dock on the N-lobe of the kinase domain and potentially stabilize it in an active conformation (PDB code 1Y57), suggesting that the regulation of Src-family kinases may involve docking of the noncatalytic domains in alternative ways relative to c-Abl ([@R25]). Notably, biochemical measurements on the Tec-family kinase Btk, comparing an SH2-kinase construct to the isolated kinase domain, suggest that interactions between the SH2 domain and the kinase domain are also important for activation of Btk ([@R185]). These observations indicate that interactions between noncatalytic domains and the N-lobe of the kinase domain that promote activity might be an ancient feature of cytoplasmic tyrosine kinases.

Tec-family kinases {#S14}
------------------

Building on the core Src module, the Tec-family kinases have evolved to respond to biochemical cues in a distinctive way, through the incorporation of a lipid-binding module. The Tec family consists of four kinases, Tec, Btk, Itk, and Bmx, all of which have an N-terminal PH-TH module, containing a lipid-binding pleckstrin homology (PH) domain fused to a Tec homology (TH) domain ([Figure 1(C)](#F1){ref-type="fig"}) ([@R95]). A closely related fifth kinase, Txk (also known as Rlk), is missing the PH-TH module, and instead contains a cysteine rich sequence at its N-terminus that is palmitoylated and allows for constitutive membrane localization *in vivo* ([@R28]). Txk appears to have emerged as a result of gene duplication of the Tec gene ([@R95]).

Auto-inhibition of Tec-family kinases {#S15}
-------------------------------------

There is, at present, no structure available for a full-length Tec-family kinase in an auto-inhibited state. Considerable insight regarding this state has been obtained, however, by integrating information from crystal structures of two constructs of Btk. One construct consists of the Src module of Btk, and the crystal structure shows that it adopts a conformation very similar to that of auto-inhibited Src-family kinases and c-Abl (PDB code 4XI2) ([@R185]). Consistent with the importance of this assembled state, mutations in the SH2-kinase linker in Btk are associated with an immuno-deficiency known as X-linked agammaglobulinemia (XLA), discussed later.

The other construct is one in which the SH3 and SH2 domains have been deleted, leaving the PH-TH module connected to the kinase domain by a shortened version of the linker normally found between the PH-TH module and the SH3 domain. This engineered construct was based on the finding that a Btk construct in which the SH3 and SH2 domains are deleted has lower kinase activity than the isolated kinase domain, indicating that the PH-TH module is capable of inhibiting the kinase domain. The linker connecting the PH-TH module to the kinase domain, bypassing the SH3 and SH2 domains, was chosen to have the minimal length that is consistent with suppression of activity. The structure of this PH-TH-kinase construct has the PH-TH module docked on helix αC of the kinase domain, which is in the Cdk/Src inactive conformation (PDB code 4Y93) ([@R185]). The PH-TH module forms a dimer in the crystal. Mutational analysis showed that interactions made by the PH-TH module and those made by the SH2 and SH3 domains are both consistent with suppression of kinase activity. The two structures are compatible with each other, allowing an integrated model to be constructed, in which the SH2 and SH3 domains are docked on the distal face of the kinase domain, and the PH-TH module is docked above the kinase active site (Figures [3(C)](#F3){ref-type="fig"} and [6(C)](#F6){ref-type="fig"}, left panel) ([@R185]).

The nature of the Btk auto-inhibited conformation has also been probed by NMR ([@R62]). This analysis confirmed the docking of the SH2 and SH3 domains as in the canonical structures of other auto-inhibited Src modules. This analysis also showed that although the Tec-family kinases lack the C-terminal tail observed in Src-family kinases, a conserved acidic latch at the C-terminus appears to play a similar role in the absence of a phosphorylation site. The acidic residue Asp 656 in Btk (Thr 521 in c-Src) forms a salt bridge with Arg 307 of the SH2 domain (Arg 175 in c-Src), a residue that engages the C-terminal tail phosphotyro-sine in auto-inhibited Src-family kinases ([@R62]).

The NMR analysis indicates that, in solution, the PHTH module can dock in an alternative conformation that directly blocks the kinase active site ([Figure 3(C)](#F3){ref-type="fig"}) ([@R62]). This configuration was first observed by NMR for Itk ([@R30]), and it has a general resemblance to the auto-inhibited structure of the Ser/Thr kinase Akt, in which the PH domain of Akt is docked onto the catalytic face of the kinase domain (PDB code 3O96) ([@R194]). It is possible that there are two states of auto-inhibited Btk. A monomeric form, captured by NMR, and a dimeric form, which might be promoted at the membrane before activation. A detailed description of our current understanding of how Btk is activated at the membrane is provided below.

Regulation of Tec-family kinases by the PH-TH module {#S16}
----------------------------------------------------

The defining feature of the Tec-family kinases, the PHTH module, not only plays a role in auto-inhibition, but also facilitates the recruitment of these kinases to the plasma membrane ([Figure 3(C)](#F3){ref-type="fig"}). PH domains recognize phosphatidylinositol lipids, and in the case of the Tec family members, the PH domain selectively binds phosphatidylinositol-(3,4,5)-trisphosphate (PIP~3~) ([@R141]). Phosphoinositide-3 kinase (PI3K), activated downstream of many transmembrane receptors, converts PIP~2~ into PIP~3~, thus, resulting in PI3K-activity-dependent recruitment of Tec-family kinases to the membrane ([@R95]; [@R39]).

The PH domain is present in many other proteins outside the Tec-family kinases ([@R81]). It consists of a 7-stranded β sandwich structure with an a helix laying between the antiparallel β sheets. The phosphatidylinositol is recognized between the β1 and β2 loops, which contain lysine and arginine residues to coordinate phosphate groups on the ligand, while specificity is determined by other sidechains in these loops that determine the shape and charge of the binding pocket ([@R141]; [@R80]). In Tec-family kinases, the TH domain forms a continuous fold with the PH domain, packs against the C-terminal half of the PH β sheet, and coordinates a zinc ion through three conserved cysteine residues and a histi-dine residue ([@R55]).

The original crystal structure of the Btk PH-TH module by Matti Saraste and colleagues pointed out a specific homodimer of the module (PDB code 1BTK) ([@R55]). Based on mutations found in XLA, it was hypothesized that this dimerization may be important for activation of Btk *in vivo* ([@R55]). A secondary, peripheral inositol phosphate binding site in the Btk PH domain has been identified recently, and shown to play a role in dimerization and subsequent trans-autophosphorylation of the kinase domain activation loop ([Figure 6(C)](#F6){ref-type="fig"}, top right panel, PDB code 4Y94) ([@R185]). Subsequent studies have shown that the Btk PH-TH module is capable of dimerizing on membranes, and that this dimerization depends on PIP~3~ binding at both the canonical and peripheral sites ([Figure 3(C)](#F3){ref-type="fig"}) ([@R22]). This work also suggests that dimerization allows for a switch-like response to PIP~3~ concentrations in the membrane. In the absence of PIP~3~, the PH-TH module plays an auto-inhibitory role by coordinating the kinase domain in solution, as discussed above. With sufficient PIP~3~ concentration in the plasma membrane, Btk is recruited to the membrane, where its auto-inhibition is partly relieved and it can be fully activated by PH-TH-mediated dimerization and *trans*-autophosphorylation of the activation loop ([Figure 3(C)](#F3){ref-type="fig"}).

Additional regulatory features in the Src module of Tec-family kinases {#S17}
----------------------------------------------------------------------

All five domains of the Tec-family kinases (PH-TH-SH3-SH2-kinase) participate in auto-inhibitory interactions to reduce kinase activity in the cytosol, as described above ([Figure 3(C)](#F3){ref-type="fig"}) ([@R185]; [@R30]; [@R62]; [@R4]). Unlike Src-family kinases, however, the kinase domains of Btk and Itk alone have very little intrinsic activity. In line with this observation, it was found that Ile 432 in Btk, a residue that is conserved across the Tec family but divergent in the Src family (Leu 297 in c-Src), buttresses key regulatory elements in the kinase domain and seems to hamper the transition of the kinase to the active conformation ([@R19]). Mutation of this isoleucine residue in Btk to the corresponding leucine residue in Src-family kinases increased the intrinsic activity of the Btk kinase domain. This isoleucine and the regulatory spine appear to be conserved across the Tec family, however, distinct differences in the activation loops are apparent within the Tec family. Biochemical studies comparing Btk and Itk suggest that Itk exhibits a lower intrinsic kinase activity that can be rescued to the level of intrinsic Btk activity by exchanging key residues in the activation loop with those of Btk ([@R61]).

The SH3 domain of Btk also has regulatory features that distinguish it from other kinases with Src modules. The proline-rich region adjacent to the PH-TH module is capable of binding the SH3 domain in solution ([@R62]). Mutational studies suggest that this interaction may help to shift Btk toward its active form, although there is no direct structural information about this interaction. In addition, Tyr 223 in the SH3 domain of Btk (Tyr 90 in c-Src) is autophosphorylated after activation loop phosphorylation at Tyr 551 (Tyr 416 in c-Src) ([@R124]). Currently, the role of this phosphorylation site, if any, is not understood. The analogous site in Itk (Tyr 180) is also autophosphorylated and alters the ligand-binding properties of the Itk SH3 domain ([@R60]). In the assembled state of the Src module, this tyrosine residue in the SH3 domain packs against the SH2-kinase linker, suggesting that its phosphorylation may impact the stability of the auto-inhibited state, although this effect has not been established experimentally.

Substrate specificity as a mechanism of signaling control {#S18}
=========================================================

Kinase specificity guided by SH2 and SH3 domains {#S19}
------------------------------------------------

A consistent theme in the regulatory mechanisms of all cytoplasmic tyrosine kinases is that their noncatalytic domains play a direct role in stabilizing the inactive or active states of the kinase domain. Typically, these auto-inhibitory or activating interactions are modulated by post-translational modifications or by ligand binding to the noncatalytic domains. This coupling of noncatalytic domain function and kinase activation provides a way for these molecular switches to be responsive to diverse input signals, and it also has implications for the biochemical outputs of these signaling enzymes. Specifically, in the case of kinases bearing the Src module, the binding preferences of the SH2 and SH3 domains that are attached to the tyrosine kinase domain dictate when and where that kinase is activated. In this way, these ligand-binding domains play a critical role in defining the substrate specificities of tyro-sine kinases ([@R126]).

SH2 domains are the most common noncatalytic domains found in cytoplasmic tyrosine kinases. Pioneering work using degenerate peptide libraries showed that individual SH2 domains recognize specific sequences containing phosphotyrosine ([@R162], [@R163]), and many subsequent structural studies have revealed the molecular basis for these sequence preferences ([@R73]; [@R182]). SH3 domains have their own sequence specificities ([@R88]; [@R187]), and SH3-polyproline interactions have been implicated in guiding Src-family kinases to their substrates ([@R127]). Likewise, Tec-family kinases are recruited to the membrane via the specific interaction of their PH-TH module with PIP~3~, where they encounter many of their substrates ([@R170]).

The specific recognition of phosphoproteins by SH2 domains not only facilitates the activation of tyrosine kinases, but also enhances their ability to phosphorylate other spatially proximal tyrosines, as seen for Src-family kinases phosphorylating substrates with multiple tyro-sine residues ([Figure 4(A)](#F4){ref-type="fig"}) ([@R98]; [@R128]). Similarly, the engagement of the Abl and Fes SH2 domains can facilitate processive phosphorylation of substrates containing more than one tyrosine residue ([@R33]), Syk-family kinases are recruited to transmembrane antigen receptors upon ligand binding to their tandem-SH2 domains ([Figure 1(C)](#F1){ref-type="fig"}) and phosphorylate substrates at the membrane ([@R65]), and Fak autophosphorylation creates a docking site for c-Src, thereby localizing c-Src to substrates at focal adhesions ([@R173]).

This sequence-specific enzyme-substrate colocalization mechanism is thought to be the dominant factor in defining the substrate specificities of cytoplasmic tyro-sine kinases ([@R105]; [@R177]).

Intrinsic sequence preferences of the tyrosine kinase domain {#S20}
------------------------------------------------------------

The important role of SH2- and SH3-mediated localization in dictating tyrosine kinase substrate specificity raises the question of whether or not intrinsic substrate sequence preferences encoded within the catalytic domains of tyrosine kinases also play a role in determining biological function. Several studies using large peptide library screens and *in vitro* peptide phosphorylation measurements have clearly demonstrated that individual tyrosine kinase domains have distinct sequence preferences ([@R161]; [@R145]; [@R175]; [@R29]; [@R153], [@R152]). The oncogenic forms of some tyrosine kinases, bearing point mutations within their kinase domains, have been shown to have altered substrate specificity relative to their wild-type counterparts, suggesting a connection between kinase domain specificity and biological activity ([@R161]; [@R129]; [@R15]; [@R9]; [@R41]; [@R158]). Contrary to these observations, however, the sequences of true *in vivo* substrates of tyrosine kinases frequently do not fit the optimal sequence motifs determined using biochemical techniques ([@R105]). Additionally, co-crystal structures of tyrosine kinases bound to substrate peptides reveal nonspecific hydrophobic interactions between the few residues downstream of the substrate tyrosine with a hydrophobic pocket on the kinase C-lobe ([@R49]; [@R18]). The dominant feature of these interactions is the antiparallel β sheet formed by the substrate backbone and the activation loop ([Figure 4(B)](#F4){ref-type="fig"}, left panels, PDB code 1IR3), which is sequence-independent and consistent with a nominal role for substrate sequence specificity encoded within the kinase domain.

Despite these contrasting observations, recent studies assessing the interplay between Src-family kinases and other tyrosine kinases suggest that the sequence specificities of tyrosine kinase domains can play a role in shaping the architecture of signaling pathways. In one study, using oriented peptide libraries, the receptor tyrosine kinase EGFR was found to strongly prefer phosphorylating substrates in which the target tyrosine was immediately followed by a phosphotyrosine ([Figure 4(B)](#F4){ref-type="fig"}, middle-right panel, PDB code 5CZH) ([@R10]). A Y-Y motif is found in a number of relevant signaling molecules, most notably the adaptor protein Shc1. The authors found that c-Src preferentially phosphorylates the second tyrosine in the Y-Y motif in Shc1 and primes Shc1 for phosphorylation on the first tyrosine by EGFR. Notably, this doubly phosphorylated protein, which is the product of the cooperation between two kinases with distinct sequence specificities, has enhanced affinity for downstream signaling proteins, demonstrating how kinase specificities might be exploited to integrate biological signals.

In a second recent study, the interplay between the Src-family kinase, Lck, and Syk-family kinase, ZAP-70, was investigated ([@R153]). These kinases act sequentially to activate T cells upon antigen receptor stimulation, and they appear to have orthogonal substrate preferences in cells, despite the close spatial proximity of all proteins involved. Using an approach that coupled bacterial surface-display of peptide libraries with cell sorting and deep sequencing, the ZAP-70 kinase domain was found to strongly prefer substrates with an aspartic acid immediately preceding the target tyrosine residue. Preferred substrates also lacked positively charged residues and were enriched in negatively charged residues ([Figure 4(B)](#F4){ref-type="fig"}, far-right panel). The Lck kinase domain, by contrast, prefers large aliphatic residues at the --1 position and positively charged residues distributed around the tyrosine. Notably, these are the defining features of ZAP-70 and Lck substrates in T cells, suggesting that the sequence preferences of these kinase domains play a critical role in defining the topology of this signaling pathway.

These two examples do not undermine the important role that SH2 and SH3 domains play in guiding tyrosine kinase specificity. Rather, they demonstrate that tyrosine kinase domains are fine-tuned enzymatic modules in their own right. In accordance with this idea, a recent comparison of the Src-family kinases c-Src and Lck revealed a subtle distinction in the sequence preferences of their catalytic domains, consistent with the specialization of Lck to function in concert with ZAP-70 in T cell signaling ([@R152]).

It is likely that when the various multidomain architectures of tyrosine kinases first evolved through the fusion of separate functional domains, these ancient proteins did not have the intricate mechanisms of inter-domain allostery that we see in extant cytoplasmic tyro-sine kinases. Before these regulatory mechanisms evolved, perhaps the intrinsic specificities of tyrosine kinase domains played a dominant role in controlling signal transduction. In the following section, we discuss recent efforts to explore how allosteric regulation may have emerged in various Src-module-containing kinases over the course of evolution.

Evolution of regulation in the Src module {#S21}
=========================================

Tyrosine kinase signaling networks, mediated by eukaryotic tyrosine kinases, SH2 and PTB domains, and protein tyrosine phosphatases, were once thought to be an exclusive feature of metazoans and thus an essential innovation that allowed for the emergence of one form of multicellularity ([@R131]; [@R87]; [@R138]). Although tyrosine phosphatases and SH2 domains had been observed in the genomes of unicellular slime molds and fungi, canonical tyrosine kinases had not been noted outside of the animal lineage ([@R67]). Over the past two decades, however, tyrosine kinases have been found in a number of organisms that diverged prior to the origin of the metazoan lineage and the emergence of multicellularity ([Figure 5(A)](#F5){ref-type="fig"}) ([@R92]; [@R20]; [@R165]; [@R169]). Initially, tyrosine kinases were thought to have emerged just before the divergence between metazoans and their closest nonmetazoan relatives, choanoflagellates ([@R67]; [@R68]). They have since been found in even more distantly related unicellular organisms, such as filasterea ([@R167], [@R169]).

One intriguing feature of these anciently diverged nonmetazoan tyrosine kinomes is that they often contain an enormous repertoire of receptor tyrosine kinases (there are at least 88 receptor tyrosine kinases in the choanoflagellate *Monosiga brevicollis*), but the extracellular ligand-binding domains of these receptors do not resemble those found in animals ([@R68]; [@R94]). By contrast, several of the major cytoplasmic tyrosine kinases families found in metazoans are also present in the filasterea *Capsaspora owczarzaki* and *Ministeria vibrans* ([@R167]). These organisms contain at least one Src-, Abl-, Tec-, Csk-, and Fak-family kinase ([Figure 5(A)](#F5){ref-type="fig"}), as well as one or more cytoplasmic tyrosine kinase types not found in metazoans. The fact that the Src module is present in filasterea with the same elaborations found in animal kinases indicates that this protein module has ancient origins. The lasting conservation of this core domain architecture strongly suggests its robustness and versatility as a scaffold for the evolution of signaling switches.

Evolution of allosteric regulation in the Src module {#S22}
----------------------------------------------------

Although the SH3-SH2-kinase domain architecture of the Src module is ancient ([Figure 5(A)](#F5){ref-type="fig"}), it is not clear when the assembled state and corresponding allosteric regulation of the Src module emerged. Multidomain proteins are most likely created as a result of the fusion of genes encoding distinct globular functional domains, and intramolecular interactions between the resulting tethered domains are unlikely to be optimized, initially, to exploit any intrinsic allosteric capabilities of the individual domains. Rather, the connections between the allosteric networks in these individual domains most likely evolve slowly after gene fusion ([Figure 5(B)](#F5){ref-type="fig"}) ([@R74]). The fact that the Src-, Abl-, and Tec-family kinases can all adopt the same assembled, auto-inhibited state suggests that this structure pre-dates the separation of these kinase families.

The observation that Csk is present in our closest unicellular relatives suggests that tail phosphorylation of Src-family kinases also occurs in these organisms ([Figure 5(A)](#F5){ref-type="fig"}). Studies on choanoflagellate Src and Csk orthologs have clearly shown that tail phosphorylation is conserved in those lineages ([@R86]; [@R151]; [@R171]). Analyses of Src and Csk from more divergent organisms show conflicting results. Early experiments with filasterean kinases suggested that although the Src-family kinase was active, Csk from these organisms was inactive ([@R147], [@R146]). This lack of activity was attributed to a poorly formed SH2-kinase interface, which is important for activation of human Csk, as described above ([@R116]; [@R191]).

In a more recent report, the activities of Csk orthologs were assessed *in vitro* using different protein constructs, and using a yeast viability assay, which exploits the fact that Src activity is toxic to yeast but suppressed by co-expression of Csk ([@R171]). These new experiments indicated that Csk orthologs are active in all distantly diverged lineages that are known to contain both Src and Csk. Notably, these studies also differ in their conclusions regarding allosteric regulation by tail phosphorylation. Previous work indicated that only metazoan Src kinases, but not choanoflagellate Src kinases, are negatively regulated by tail phosphorylation ([@R151]; [@R86]). The SH3 and SH2 domains of choanoflagellate Src kinases appear fully functional, and this regulatory defect was localized to the kinase domain ([@R86]), but not specific residues, by the analysis of choanoflagellate-metazoan chimeric Src molecules ([@R151]). The more recent study demonstrated that even nonmetazoan Src activity could be suppressed by Csk-mediated tail phosphorylation ([@R171]). The growing number of nonmetazoan genome sequences containing Cskand Src-family kinases should allow for a more comprehensive biochemical and bioinformatic analysis of the function, regulation, and co-evolution of these families in the near future.

This general line of investigation has also provided insights into Src-family kinase regulation prior to the co-existence of Src and Csk. A distantly related ichthyosporean ([Figure 5(A)](#F5){ref-type="fig"}), *Creolimax fragrantissima*, has a highly reduced kinome containing only one cytoplasmic tyrosine kinase, a Src-family kinase ([@R168]). The lack of Csk in this kinome raises the question of how Src is negatively regulated in this organism. Biochemical analysis of the Src-family kinase from *Creolimax* revealed that its activity is enhanced by activation loop auto-phosphorylation, and that Csk molecules from other organisms cannot robustly phosphorylate its C-terminal tail ([@R168]). Further analysis of the *Creolimax* genome revealed seven protein tyrosine phosphatases, of which one could dephosphorylate *Creolimax* Src and inhibit its activity in an in vitro biochemical assay. Notably, this phosphatase could also regulate Src *in vivo* in *Creolimax* and suppress a growth defect observed upon Src over-expression. This study suggests that, early in the evolution of phosphotyrosine signaling, tyrosine phosphatases likely played the major role in regulating tyrosine kinase activity. Indeed, tyrosine phosphatase genes appear to have evolved prior to the emergence of tyrosine kinases and may have served to suppress aberrant phosphorylation of tyrosine residues in the proteomes of ancient organisms ([@R131]; [@R87]).

A related biochemical and evolutionary analysis has also been carried out on an Abl-family kinase from the choanoflagellate *Monosiga brevicollis*. In this organism, there are two Abl-like kinases, MbAbl1 and MbAbl2. MbAbl1 has a putative N-terminal myristoylation site, although it is not clear if this site is lipidated *in vivo*. MbAbl2 lacks the critical auto-inhibitory myristoylation site found in the N-terminal cap region in human c-Abl isoform 1b. Consistent with this lack of the negative-regulatory lipidation, biochemical and cell-based analysis of MbAbl2 showed that it has high constitutive activity relative to its mammalian ortholog ([@R3]). Notably, the substrate specificity of MbAbl2 is similar to that of human c-Abl, suggesting that the sequence preferences of the catalytic domain were established early in the evolution of Abl-family kinases.

Dissecting divergent features of Src and Abl through evolutionary analysis {#S23}
--------------------------------------------------------------------------

Current genomic data and bioinformatic analyses strongly support the notion that all Src-module-containing proteins have a common origin ([@R92], [@R93]). This relationship affords an interesting opportunity to use evolutionary principles to dissect key molecular differences between each of these kinase lineages that have important functional consequences. This fact was highlighted by a recent study on the differential properties of the Abl and Src kinases ([@R189]). In this study, the authors employed ancestral protein reconstruction, whereby multiple sequence alignments and inferred phylogenetic trees of extant orthologs and paralogs (leaves on the trees) are used, in combination with a statistical algorithm and evolutionary model, to infer the sequences of internal nodes in those phylogenetic trees ([@R46]). These predicted internal node sequences represent putative common ancestors of the extant sequences. By experimentally characterizing proteins that connect a path on the tree between two extant proteins, one can identify specific residue changes and epistatic interactions that dictate the divergent functions of those proteins.

The cancer drug imatinib binds tightly to the Abl kinase domain and inhibits it, but imatinib is a poor inhibitor of Src-family kinases ([@R206]). The crystal structures of imatinib bound to the Abl kinase domain (PDB codes 1FPU and 1IEP) ([@R143]; [@R110]), and to the kinase domain of the receptor tyrosine kinase c-Kit, which imatinib also inhibits (PDB code 1T46) ([@R108]), showed that binding of the drug requires the DFG motif to flip into the DFG-out conformation, in which the aspartate side-chain points away from the ATP binding site. The initial inference was that the Src-family kinases could not readily adopt this DFG-out conformation ([@R110]; [@R149]). This was shown to not be the case by studies on high-affinity Src inhibitors that also recognize the DFG-out state ([@R26]; [@R150]). The ancestral sequence reconstruction of the common ancestor of Abl and Src led to important insights concerning the differential ability of imatinib to inhibit Abl but not the Src-family kinases ([@R189]). Using this approach, key residues were identified that confer a 3000-fold tighter binding of imatinib to Abl versus Src. Drug binding measurements and crystal structures of predicted ancestral proteins revealed a hydrogen bond network in the N-lobe of Src, lacking in Abl, that prohibits additional contacts with imatinib and allows for relatively fast dissociation of imatinib from Src but not Abl. This evolutionary analysis helped dissect the molecular basis for selective drug binding, a functional property that was not selected for in nature.

Structural mechanisms of dysregulation in the Src module {#S24}
========================================================

As essential enzymes in metazoan signal transduction, tyrosine kinases are often dysregulated in diseases, particularly cancer ([@R14]). Indeed, the first ever oncogene to be discovered was v-Src, a variant of c-Src kinase found in the Rous sarcoma virus that causes cancer in chickens ([@R166]; [@R164]; [@R120]). The biological consequences of many of the sequence changes in oncogenic v-Src relative to c-Src can now be understood, in light of the large body of biochemical and structural work on Src-family kinases. We now know that most disease-causing mutations in Src and other tyrosine kinases act by disrupting the regulatory mechanisms controlling kinase function. Mutations in these dysregulated kinases can also confer resistance to targeted therapies by tapping into the same regulatory mechanisms ([@R6]).

Disease-associated mutations in the Src module {#S25}
----------------------------------------------

The most important mutation in v-Src relative to c-Src is an alteration of the C-terminal tail, resulting in loss of the negative-regulatory phosphorylation site. This change clearly causes a gain-of-function by removing a critical interaction that stabilizes the assembled, auto-inhibited state of the Src module. v-Src and c-Src also differ by several amino acid substitutions within the core domains of the Src module ([Figure 6(A)](#F6){ref-type="fig"}). Several of these substitutions, along with other mutations not naturally found in Rous sarcoma viruses, are sufficient individually to induce the cell transforming ability of Src, even in the presence of the C-terminal tail ([@R64]; [@R85]), underscoring the distributed contributions of the entire Src module to the regulation of kinase activity. The Rous sarcoma virus is an avian pathogen, and surprisingly, oncogenic mutations in c-Src are rarely found in human cancers. Instead, cancer cells often unleash the oncogenicity of c-Src and other Src-family kinases through over-expression or hyper-activation of the wild-type proteins ([@R14]). A small subset of patients with advanced human colon cancers contain a truncating mutation in their c-Src gene immediately adjacent to the regulatory C-terminal phosphorylation site at Tyr 527 ([Figure 6(A)](#F6){ref-type="fig"}) ([@R56]).

Like Src, Abl was also first discovered as a viral oncogene ([@R36]). The most common disease-causing variants of Abl in humans are the Bcr-Abl fusion proteins ([@R12]). Bcr-Abl proteins are the result of DNA translocations found in certain patients with chronic myelogenous leukemia (CML) and acute lymphoblastic leukemia (ALL), which yield a hybrid of chromosomes 9 and 22 known as the Philadelphia chromosome ([@R115]). The fusion proteins contain part of the breakpoint cluster region of chromosome 9 and the majority of the c-Abl-coding gene, lacking part of the N-terminal cap and thus the myristoylation site in isoform 1b. In addition to dysregulation through the lack of the negative-regulatory myristoylation site, kinase activity and transforming potential is enhanced by oligomerization of Abl kinases through a coiled-coil domain in the Bcr protein, which most likely facilitates *trans*-autophosphorylation of the activation loop ([@R99]; [@R204]). Interestingly, an oligomerization-deficient version of the Bcr-Abl oncogene can be partially inhibited by re-introducing the N-terminal cap of c-Abl isoform 1b, suggesting that this fusion protein is still subject to the same mechanisms of regulation as wild-type Abl ([@R132]). Several other oncogenic fusion protein variants of both c-Abl and Arg have also been observed ([@R43]). These fusion proteins lack N-terminal regulatory elements, including the myristoylation site and occasionally a functional SH3 domain, and they often bear an oligomerization motif, as in the Bcr-Abl proteins.

Although Bcr-Abl is the primary oncogenic form of Abl, a recent study employing a random mutagenesis screen on intact c-Abl isoform 1b yielded several point mutations that render the kinase constitutively active and able to transform a model cell line ([@R77]). Most of these mutations were distributed throughout the Abl functional domains at key regulatory hotspots, including the N-terminal cap, SH3 ligand-binding groove, and myristoyl-binding pocket. Two of these mutations have been observed in clinical isolates from cancer patients, but their functional impact and roles as potential driver mutations had not been established previously. As discussed in the next section, many of these activating mutations in c-Abl isoform 1b also confer resistance to ATP-competitive inhibitors of Abl kinases, further supporting notion that there is allosteric coupling between the active site and regions dispersed throughout the Src module ([Figure 6(B)](#F6){ref-type="fig"}) ([@R6]).

In the Tec-family kinases, Btk was first discovered as the critical gene mutated in X-linked agammaglobulinemia ([@R179]). Mutations have been observed across all five domains of Btk in cases of XLA in humans and a related condition, X-linked immunodeficiency (Xid), in mice ([Figure 6(C)](#F6){ref-type="fig"}) ([@R135]; [@R172]; [@R176]; [@R179]). These alterations include missense mutations, nonsense mutations, insertions, and deletions, which occur at nearly 100 positions across the gene ([@R159]). Many of the Btk missense mutations in XLA clearly disrupt known functions of each domain, including inositol phosphate binding by the PH domain (such as R28H in Btk), phosphotyrosine binding by the SH2 domain (R307G/K/T, corresponding to Arg 175 in c-Src), and ATP-Mg^2+^ coordination by the kinase domain (G414R and R525G/K in Btk, corresponding to Gly 279 and Arg 388 in c-Src) ([Figure 6(C)](#F6){ref-type="fig"}) ([@R178]). Two such mutations in XLA patients, L369F and R372G (corresponding to Leu 237 and Arg 240 in c-Src), lie just upstream of the SH2-kinase linker and result in a loss of Btk-mediated calcium response, without greatly affecting protein stability or autophosphorylation rates ([@R42]). The large variety of mutations observed in XLA across all domains in Btk supports the idea that each module of Btk is integral to its ability to be activated and carry out downstream signaling.

Btk plays an important role in normal B cell homeostasis and proliferation. As a result, it has been the target of drug development efforts to treat B cell leukemias and lymphomas, where its wild-type form is often over-expressed and constitutively active ([@R47]). Despite the presumed tissue-specific expression of Btk in B lymphocytes, an alternatively spliced isoform of Btk was recently discovered in a subset of colon cancers and shown to be required for oncogenic transformation ([@R40]). This isoform bears an N-terminal truncation and is missing a large portion of the PH domain ([Figure 6(C)](#F6){ref-type="fig"}). Consistent with our understanding of the role of the PH-TH module in Btk auto-inhibition ([@R185]; [@R62]), this variant appears to have high activity in cells and acts as an oncogene in this setting.

Mechanisms of drug resistance in the Src module {#S26}
-----------------------------------------------

Given their dysregulation in numerous human diseases, kinases containing the Src module have been the targets of many drug development efforts. Indeed, there are several dozen clinically approved protein kinase inhibitors with more than one hundred additional drugs in the pipeline ([@R186]), and several of these inhibitors are specifically designed to treat cancers driven by aberrations in kinases bearing a Src module. Although the development of targeted kinase inhibitors to treat cancers has been successful, treatment with these inhibitors almost inevitably leads to drug resistance and patient relapse ([@R142]). This resistance may arise due to compensatory signaling mechanisms or over-expression of the target kinase, as well as point mutations in the target kinases.

The most intuitive mechanisms of resistance by point mutation are direct steric occlusion of drug binding or loss of specific contacts with the drug. Such mutations were reported in the first comprehensive survey of clinically observed resistance mutations in the Bcr-Abl kinase domain in response to imatinib treatment ([Figure 6(B)](#F6){ref-type="fig"}) ([@R154]). One of these, the T334I mutation at the "gatekeeper" position in kinases (T315I in c-Abl isoform 1b, residue Thr 338 in c-Src), was the first clinically observed mutation that caused imatinib resistance ([@R38]), and it remains the most common resistance mutation to imatinib and related drugs (see PDB code 1EIP for imatinib-bound c-Abl structure). A similar "direct contact" mechanism of resistance has been seen for the Btk inhibitor, ibrutinib, which inactivates Btk by covalently reacting with Cys 481 (Ser 345 in c-Src) in the active site (PDB code 5P9J) ([@R11]; [@R123]). Patients treated with ibrutinib who have relapsed often have a C481S mutation in Btk ([Figure 6(C)](#F6){ref-type="fig"}), rendering the drug substantially less effective ([@R192]).

Many of the mutations that cause resistance to imatinib are not at positions that directly contact the drug ([Figure 6(B)](#F6){ref-type="fig"}). It was proposed that these mutations most likely act by altering the ability of the Abl kinase domain to adopt the specific inactive conformation required for drug binding ([@R154]). This hypothesis was validated in an important study, where randomly mutated BCR-ABL genes were screened in a cell-based assay for their ability to confer resistance to imatinib and transform cells ([@R6]). This screen yielded 112 distinct amino acid substitutions at 90 different residues in Bcr-Abl, at least 10 of which had already been observed in patients. Many of the observed mutations were outside of the drug binding pocket and even outside of the kinase domain ([Figure 6(B)](#F6){ref-type="fig"}). In light of our structural understanding of c-Abl auto-inhibition, these distal mutations can clearly be interpreted as impacting the stability of the auto-inhibited state, which should destabilize the imatinib-competent conformation of the kinase domain. In a recent study of c-Abl conformational energetics and dynamics using NMR spectroscopy, it was found that many of these distal resistance mutations have no effect on imatinib binding thermodynamics, but rather they perturbed the relative populations of the active and inactive states ([@R140]). Even the gate-keeper T334I mutations in Abl, and analogous mutations in other kinases, act, in part, by stabilizing the active conformation of kinases ([@R7]).

Leveraging fundamental mechanistic insights to overcome drug resistance {#S27}
-----------------------------------------------------------------------

To combat the emergence of imatinib-resistant mutant forms of Abl kinase, a series of second generation drugs have been developed that target the Abl active site. These largely overcome the effects of canonical resistance mutations, except for the gatekeeper T334I mutation, and third generation inhibitors have been developed to specifically target this mutant form ([@R75]). In all cases, either through single or compound mutations, resistance has been observed in a clinical setting. Similar situations have been reported for virtually all other targeted kinase inhibitors to treat cancer, irrespective of the kinase ([@R72]). This issue underscores the essential role that basic mechanistic studies can play in improving clinical outcomes, as exemplified below.

In an unbiased phenotypic screen for inhibitors of Bcr-Abl activity, a small molecule named GNF-2 was discovered that suppresses Bcr-Abl-mediated cell proliferation ([@R1]). This molecule binds to the myristoyl binding pocket on the C-lobe of the Abl kinase domain and presumably acts allosterically to suppress Abl activity in cells through the same mechanism as the natural N-terminal myristoylation of c-Abl isoform 1b ([@R44]; [@R112]). GNF-2 has limited potency and is not efficacious against the T334I mutant form of Abl. Building on these findings, a fragment-based screen was used, relying on an NMR signature of conformational changes near the myristoyl binding pocket ([@R57]), to identify small molecules that bound in that region in a manner that would robustly inhibit kinase activity ([@R195]). The hits were further optimized by in silico docking to yield a molecule named ABL001, which binds tightly in the myristoyl binding pocket and potently allosterically inhibits Abl kinase activity. Structural analysis suggests that the myristoyl binding pocket is unique to Abl and not even present in the other closely related kinases with a Src module ([@R112]). Thus, ABL001 is a highly selective kinase inhibitor. In an ABL001-treated xenograft mouse model, the mice gained resistance to the drug on a similar time-scale to those treated with the imatinib-like drug nilotinib, however, the resistance mutation profiles upon treating with these drugs were nonoverlapping. This observation, and the fact that both drugs can simultaneously bind the same kinase molecule (PDB code 5MO4), inspired the investigators to co-administer ABL001 and nilotinib. This combination therapy yielded a durable, apparently irreversible response in their mouse models ([@R195]). While determination of the efficacy of such combination therapies in humans awaits the completion of rigorous clinical trials, the development of ABL001 highlights the value in understanding the structure and regulation of tyrosine kinases described throughout this review.

Concluding remarks {#S28}
==================

The assembled state of the Src module underlies an ancient structural mechanism for the regulation of many cytoplasmic tyrosine kinases. The determination of this structure revealed the critical role that interdomain allostery plays in the regulation of protein kinases in general, and foreshadowed the structural basis for the remarkable modularity that we now know is characteristic of phosphotyrosine signaling systems. A critical feature of all protein kinases is that their catalytic activity is dynamically regulated. In proteins bearing the Src module, this is achieved through the appendage of SH3 and SH2 domains, which can engage and release the catalytic domain in a signal-responsive manner to control kinase activity. While other cytoplasmic tyrosine kinases contain different combinations and arrangements of ligand-binding domains, the structural and regulatory principles gleaned from studies of the Src module can be generally applied to those other kinases.

The most notable feature of the Src module is that it provides an evolvable scaffold for the generation of new input--output relationships in kinase signaling. As discussed throughout this review, the introduction of unique post-translational modification sites and additional domains onto the Src module over the course of evolution has produced the distinct Src-, Abl-, and Tec-family kinase lineages. Each of these appendages facilitates control over catalytic activity by regulating the kinase domain in response to different upstream signaling events. Diverse downstream signaling is achieved not just through the differential specificities catalytic domains, but also through differences in the preferences of the ligand-binding domains.

The Src module was first discovered in the context of oncogenic signaling. The discovery and characterization of v-Src, the first oncogene to be identified, and of related kinases, demonstrated the importance of allosteric regulation and dysregulation in oncogenic signaling pathways and established tyrosine kinases as drug targets. The numerous structural and biochemical studies that have ensued since then have established an intimate connection between the activation cycle of protein kinases and their conformational flexibility. We are now beginning to understand how kinases traverse this activation cycle through the stabilization or destabilization of certain conformational states, and this information has proven useful for the design of selective, conformation-specific inhibitors of protein kinases. To date, most inhibitor design strategies have focused on targeting the ATP-binding pocket of the kinase domain. As evidenced by the interdomain allosteric regulation of the Src module, sites distal to the active site can modulate kinase activity. Future drug design efforts are likely to focus on the exploitation of these allosteric sites for the development of a next generation of effective kinase-targeted therapies.
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![Architectures of eukaryotic protein tyrosine kinases. A. Activation of receptor tyrosine kinases through ligand-induced dimerization. B. Activation of cytoplasmic tyrosine kinases through phosphorylation or the engagement of modular ligand-binding domains. C. Domain architectures of the major families of metazoan cytoplasmic tyrosine kinases. Members of each family, found in humans, are listed. An asterisk for Srm and Txk denotes that these proteins differ slightly from other family members in their regulatory phosphosites or domain architecture. Numbering in panel C and throughout the text corresponds to the following sequences for representative members of each family: chicken c-Src and the human proteins Frk, c-Abl isoform 1b, Btk, Csk, Fes, Syk, Fak1, Jak1, and Ack. D. Schematic diagram of the key structural features of tyrosine kinase domains. Sidechains are numbered according to their position in chicken c-Src (see colour version of this figure at [www.tandfonline.com/ibmg](http://www.tandfonline.com/ibmg)).](nihms-1515631-f0001){#F1}

![Activation of the Src module. A. Crystal structure of an active conformation of the c-Src kinase domain, bearing the activating T341I mutation and bound to the nonhydrolyzable ATP analog ATPcS (PDB code 3DQW). B. Crystal structure of c-Src in its auto-inhibited Cdk/Src inactive conformation, highlighting only the kinase domain, bound to the nonhydrolyzable ATP analog AMPPNP (PDB code 2SRC). In panels A and B, the conserved catalytic and regulatory spines are highlighted in transparent surface representation. C. Crystal structure of the Src module of the Src-family kinase Hck in the assembled auto-inhibited conformation, bound to the ATP-competitive inhibitor PP1 (PDB code 1QCF). D. Geometry of the activation loop and active site residues in activated c-Src, highlighting the role of activation loop phosphorylation (PDB code 3DQW). E. Geometry of the activation loop and active site residues in auto-inhibited c-Src (PDB code 2SRC). F. Geometry of the activation loop and active site residues in auto-inhibited c-Abl, highlighting a flip of the "DFG" motif aspartate relative to its orientation in c-Src (PDB code 1OPL). G. A model for activation loop *trans*-autophosphorylation of Src-family kinases in which the activation loop of one Lck molecule is presented into the active site of another Lck molecule ([@R153]) (see colour version of this figure at [www.tandfonline.com/ibmg](http://www.tandfonline.com/ibmg)).](nihms-1515631-f0002){#F2}

![Diverse mechanisms of regulation in Src-module-containing kinases. A. Inhibitory tail phosphorylation of Src-family kinases by Csk. Phosphorylation of the conserved C-terminal tail tyrosine in Src-family kinases occurs through specific recognition of Src-family kinase domains by Csk. This docking of tertiary structures positions the tail into the Csk active site for phosphorylation. B. A myristoyl/phosphotyrosine switch in c-Abl. Isoform 1b of c-Abl is auto-inhibited by docking of an N-terminal myristoyl moiety into the C-lobe of the kinase domain. Disruption of this interaction and phosphorylation of a tyrosine residue in the SH2-kinase linker activates the kinase. C. Regulation of Tec-family kinases by the PH-TH module. In Btk, the PH-TH module stabilizes the auto-inhibited configuration of the Src module by binding to the N-lobe of the kinase domain, however, the precise geometry of this binding is not yet known. Engagement of the PH-TH module by binding to soluble inositol phosphates or PIP lipids results in release of auto-inhibitory contacts and facilitates full activation by *trans*-autophosphorylation of the activation loop (see colour version of this figure at [www.tandfonline.com/ibmg](http://www.tandfonline.com/ibmg)).](nihms-1515631-f0003){#F3}

![Mechanisms of substrate selection in tyrosine kinases. A. Localization-mediated specificity. Src-module-containing tyro-sine kinases typically colocalize with their substrates through interactions mediated by their noncatalytic domains, and this localization is often coupled to activation of the kinase. Once localized, the kinase will phosphorylate proximal tyrosine residues. B. Structural features of tyrosine kinase-substrate interactions that impact sequence specificity. far-left: Schematic depiction of a substrate docked in the active site of a tyrosine kinase. middle-left: Structure of the insulin receptor kinase bound to a substrate, highlighting typical backbone hydrogen bonds between the kinase activation loop and residues downstream of the target tyrosine (PDB code 1IR3). middle-right: Preferred recognition of a substrate peptide bearing a phosphotyrosine residue at the +1 position by the EGFR kinase domain (PDB code 5CZH). far-right: Model based on molecular dynamics simulations of the extensive electrostatic interactions between ZAP-70 and a preferred substrate derived from the protein LAT ([@R153]) (see colour version of this figure at [www.tandfonline.com/ibmg](http://www.tandfonline.com/ibmg)).](nihms-1515631-f0004){#F4}

![Evolution of cytoplasmic tyrosine kinases. A. Presence of cytoplasmic tyrosine kinase families across the metazoan lineage and in closely related nonmetazoan eukaryotes. left: A phylogenetic tree of eukaryotes highlighting specific metazoan species and several nonmetazoan clades. right: Incidence of tyrosine kinase genes across the represented eukaryotic phyla that are likely orthologs of tyrosine kinase genes from the indicated human families. A red circle indicates that a kinase from that family is present in that specific organism/clade, and a white circle indicates that no kinase from that family has been reported on that branch of the evolutionary tree. The yellow circle represents a kinase with domain architecture similar to a Jak-family kinase, but with a kinase domain sequence more homologous to a Syk-family kinase. The blue circles represent the presence of Syk-like tyrosine kinases known as SHARK tyrosine kinases, in which the two SH2 domains are separated by ankyrin repeats. Data for this figure were compiled from [@R20]; [@R92]; [@R165]; and [@R169]. B. Evolution of interdomain allostery in the Src module (conceptually adapted from [@R74]). In an ancient organism, SH3, SH2, and tyrosine kinase domains likely existed as separte genes, which had no appreciable affinity for one another. It is possible that these individual domains retained some capacity for allosteric modulation, dictated by their intrinsic conformational dynamics. Multiple steps of gene fusion led to the assembly of a gene and its protein product with a domain architecture resembling the Src module. In the earliest iterations of this architecture, the domains interacted weakly and there was no allosteric modulation of kinase activity. Over time, through mutations, noncovent interactions between the domains strengthened, allowing for allosteric regulation of kinase activity through interdomain contacts (see colour version of this figure at [www.tandfonline.com/ibmg](http://www.tandfonline.com/ibmg)).](nihms-1515631-f0005){#F5}

![Disease-related and drug resistance mutations in in the Src module. A. Oncogenic mutations in c-Src, mapped onto a crystal structure of the auto-inhibited form of c-Src (PDB code 2SRC). Most of the mutation sites indicated by a black sphere are reported activating mutations in the v-Src gene of the Rous sarcoma virus, given in chicken c-Src numbering with the human c-Src numbering in parentheses: R95(98)W, T96(99)I, D117(120)N, R318(321)Q, T338(341)I. The sites at which the C-terminal tail of c-Src starts to differ from v-Src, and where a C-terminal truncation is observed a small subset of human colon cancers, are also marked with a black sphere. Note that the T338(341)I mutation is at the canonical 'gatekeeper' residue and also causes resistance to the drug dasatinib. Orange spheres mark the point mutations E378(381)G and I441(444)F, which were identified by passaging a virus encoding c-Src in fibroblast cells and selecting for cell transformation. These mutations are independently sufficient to hyperactivate c-Src ([@R64]; [@R85]). B. Sites of drug resistance mutations in Bcr-Abl, mapped onto a crystal structure of the auto-inhibited form of c-Abl (PDB code 1OPL). Mutation sites marked by a black sphere were identified in the first major survey of clinically observed resistance mutations to imatinib ([@R154]), and are given in human c-Abl isoform 1b numbering with the isoform 1a numbering in parentheses: M263(244)V, G269(250)E, Q271(252)H/R, Y272(253)F/H, E274(255)K, T334(315)I, F336(317)L, M370(351)T, E374(355)G, F378(359)V, L406(387)M, H415(396)R. Mutation sites marked by an orange sphere are examples of mutations distal to the imatinib binding site that confer resistance in a cell-based assay for oncogenic transformation ([@R6]): E298(279)K, V357(338)G, V358(339)A/G, A363(344)V, G391(372)R, G482(463)D, M491(472)I, F505(486)S, E513(494)A, I521(502)M, E528(509)D. C. Disease-related mutations in Btk, mapped onto a model of full-length Btk (left) from ([@R185]) (also see structures with PDB codes 4Y93 and 4XI2), a crystal structure of the Saraste dimer of the PH-TH module (top right, PDB code 4Y94), and a crystal structure of the Btk kinase domain bound to ibrutinib (bottom right, PDB code 5P9J). Residue numbering corresponds to that of the human Btk sequence. Sites of some inactivating mutations in XLA are shown as black spheres (R307G/K/T, L369F, R372G, G414R, R525K/G) or black ball and stick model in the case of R28H. The site of N-terminal truncation in an oncogenic form of Btk (Met 89), the critical cysteine (Cys 481) that reacts with the drug ibrutinib, and other sites of resistance mutations (T474I and L528W) are shown in orange (see colour version of this figure at [www.tandfonline.com/ibmg](http://www.tandfonline.com/ibmg)).](nihms-1515631-f0006){#F6}

[^1]: Present address: Department of Chemistry, Columbia University, New York, NY, USA

[^2]: Present address: Department of Chemistry, Western Washington University, Bellingham, WA, USA
